The goal of the present study was to determine whether oxidative stress and transforming growth factor (TGF)-␤ induce cellular senescence in human retinal pigment epithelial (RPE) cells. METHODS. Cultured human RPE cells were exposed to 50 to 150 M hydrogen peroxide (H 2 O 2 ) for 1 and 2 hours or treated with 1.0 ng/mL TGF-␤1 or -␤2 for 12, 24, and 48 hours. Senescence-associated ␤-galactosidase (SA-␤-Gal) activity was detected by histochemical staining. Expression of senescenceassociated genes (apolipoprotein J [Apo J], connective tissue growth factor [CTGF], fibronectin, and SM22) was examined by real-time PCR and induction of signal transduction proteins (p21, p16, and pRb) by Western blot analysis. The effects of TGF-␤ blocking on the oxidative stress-induced expression of senescence-associated biomarkers were investigated by simultaneous incubation with neutralizing antibodies against the TGF-␤1, -␤2, and -␤3 isoforms and the TGF-␤II receptor. RESULTS. H 2 O 2 markedly increased the number of SA-␤-Galpositive cells to up to 89% and the expression of Apo J, CTGF, fibronectin, and SM22 by approximately three to fourfold. Treatment with TGF-␤1 and -␤2 showed similar changes. H 2 O 2 and TGF-␤1 and -␤2 markedly enhanced the expression of p21 but downregulated pRb. In contrast, they had no effect on p16 expression. Simultaneous treatment with neutralizing antibodies against the TGF-␤1, -␤2, and -␤3 isoforms and the TGF-␤II receptor prevented the oxidative stress-mediated elevation of senescence-associated biomarkers. CONCLUSIONS. Oxidative stress, TGF-␤1, and TGF-␤2 are capable of inducing cellular senescence in cultured human RPE cells. Therefore, reduction of oxidative stress and minimizing TGF-␤ may help to prevent senescence-associated changes in the RPE as seen in early age-related macular degeneration. (Invest Ophthalmol Vis Sci. 2009;50:926 -935)
A ge-related macular degeneration (AMD) is the leading cause of severe visual impairment in elderly individuals. 1, 2 However, the complex pathogenesis of this disease is poorly understood, and no efficient therapy or prevention exists to date. It has long been suspected that oxidative damage is involved in the pathogenesis of AMD. 3 One of the most compelling lines of evidence that oxidative damage plays a role in AMD has been provided by epidemiologic studies showing that smoking significantly increases the risk of AMD. 4 -6 Furthermore, it has recently been shown that in selected individuals, the progression of the disease was reduced by the use of antioxidants and zinc supplements. 7 In addition, endogenous sources of oxidative damage to retinal pigment epithelial (RPE) cells include photoreceptor outer segment phagocytosis, peroxidized lipid membranes, and photo-oxidative reactive oxygen intermediates. 8 The progressive oxidative damage of macromolecules resulting from exposure of cellular components to oxidative stress has long been implicated in aging and age-related diseases. 9 Of interest, a substantial body of evidence, mostly from work in human fibroblasts, indicates that oxidative stress can also induce or accelerate the development of cellular senescence. 10 This phenomenon has been collectively termed stressinduced premature senescence (SIPS), which usually begins 2 to 3 days after stress exposure. [11] [12] [13] One commonly used noncytotoxic oxidative stress agent, which has been shown to induce SIPS in human cell types such as diploid fibroblasts, endothelial cells, and melanocytes, is hydrogen peroxide (H 2 O 2 ).
11-14 H 2 O 2 is able to cross the plasma membrane. 8 In human RPE cells, intracellular H 2 O 2 is mainly produced by lipid peroxidation from phagocytosed rod outer segments. 8 Cells in SIPS remain alive for months and display several features of cellular senescence. These features include senescence-associated ␤-galactosidase (SA-␤-Gal) activity, as well as changes in the expression levels of several senescence-associated genes, such as apolipoprotein J (Apo J), connective tissue growth factor (CTGF), fibronectin, and SM22 (transgelin). 11, 15, 16 Mechanistically, these typical changes of SIPS are assumed to be mediated via two major signal transduction pathways: p21-pRb and p16-pRb pathways. 12, 15, 17 Upregulation of both tumor suppressor proteins p21 and p16 subsequently leads to hypophosphorylation of the pRb protein and hence induction of senescence. 12 Several findings suggest that transforming growth factor (TGF)-␤ is also capable of inducing cellular senescence. For instance, stimulation of human diploid fibroblasts with TGF-␤1 triggers the appearance of biomarkers of SIPS such as SA-␤-Gal activity and increases mRNA steady state levels of senescenceassociated genes including Apo J, fibronectin, and SM22. 14, 18 In vitro studies of different cellular systems have shown that TGF-␤1 is inducible by oxidative stress. 14, 18, 19 Thus, it has been hypothesized that oxidative stress-induced premature senescence are triggered via an increased expression of TGF-␤1. 14, 18, 20, 21 Previous studies have demonstrated that cellular senescence occurs in RPE cells during the aging process in primates. 22 Furthermore, it has been shown in vitro that cellular senescence in human RPE cells is inducible by exposure to mild hyperoxia. 23 Whether human RPE cells undergo senescent changes in AMD is unclear yet. Histochemical studies have detected an increased expression of TGF-␤ in the RPE of patients with AMD. 24 The purpose of this work was to examine whether oxidative damage or TGF-␤ promotes stress-induced premature senescence in human RPE cells. In the present study, we demonstrated for the first time that subtoxic levels of hydrogen peroxide induced SIPS and the release of TGF-␤1 and -␤2 in cultured human RPE cells. Treatment with TGF-␤1 and -␤2 alone showed similar changes compared to H 2 O 2 . Simultaneous incubation with neutralizing antibodies against the TGF-␤1, -␤2, and -␤3 isoforms and the TGF-␤II receptor (TGF-␤⌱⌱R) prevented these age-related changes. Furthermore, we were able to show that H 2 O 2 and TGF-␤1 and -␤2 could activate the senescence-associated p21-pRb pathway. These data indicate a hitherto unknown role of oxidative stress and TGF-␤ in senescence-associated changes in human RPE cells, which may be helpful in revealing new pathomechanical processes in AMD.
METHODS

Isolation of Human RPE Cells
Eight human donor eyes were obtained from the Munich University Hospital Eye Bank and processed within 4 to 16 hours after death. The donors ranged in age between 25 and 40 years. None of the donors had a known history of eye disease. Human RPE cells were harvested after the procedure, as described previously. 25 In brief, whole eyes were thoroughly cleansed in 0.9% NaCl solution, immersed in 5% polyvinylpyrrolidone iodine (Jodobac; Bode-Chemie, Hamburg, Germany), and rinsed again in NaCl solution. The anterior segment from each donor eye was removed, and the posterior poles were examined with the aid of a binocular stereomicroscope to confirm the absence of gross retinal disease. Next, the neural retinas were carefully peeled away from the RPE-choroid-sclera with fine forceps. The eye cup was rinsed with Ca 2ϩ and Mg 2ϩ -free Hanks' balanced salt solution, and treated with 0.25% trypsin (Invitrogen-Gibco, Karlsruhe, Germany) for 1 hour at 37°C. The trypsin was aspirated and replaced with Dulbecco's modified Eagle's medium (DMEM; Biochrom, Berlin, Germany) supplemented with 20% fetal calf serum (FCS; Biochrom). A pipette was used to gently agitate the media, releasing the RPE into the media by avoiding damage to Bruch's membrane.
Human RPE Cell Culture
The human RPE cell suspension was added to a 50-mL flask (Falcon, Wiesbaden, Germany) containing 20 mL of DMEM supplemented with 20% FCS and maintained at 37°C and 5% CO 2 . Epithelial origin was confirmed by immunohistochemical staining for cytokeratin with a pancytokeratin antibody (Sigma-Aldrich, Deisenhofen, Germany). 26 The cells were tested and found free of contaminating macrophages (anti-CD11; Sigma-Aldrich) and endothelial cells (anti-von Willebrand factor; Sigma-Aldrich). After reaching confluence, primary RPE cells were subcultured and maintained in DMEM supplemented with 10% FCS at 37°C and in 5% CO 2 . Confluent primary RPE cells of passage 3 to 5 were used for the experiments. For induction of oxidative stress, the cells were washed, incubated overnight in serum-free medium, and subsequently incubated with 50 to 150 M H 2 O 2 in fresh serum-free DMEM for 1 to 2 hours. Thereafter, the medium was changed and replaced by fresh serum-free DMEM for 12, 24, and 48 hours. Control cells were incubated under identical conditions without H 2 O 2 treatment in the medium. To investigate the effects of TGF-␤1 and -␤2, the cells were washed, and the medium was changed to serum-free DMEM. After 24 hours incubation, the latter medium was replaced by fresh serum-free DMEM supplemented with 1.0 ng/mL active TGF-␤1 and -␤2 (R&D Systems, Wiesbaden, Germany). Under these conditions, the cells were incubated 12, 24, and 48 hours, respectively. In control cultures, the medium was changed at the same time points but neither TGF-␤1 nor -␤2 was added. To prove our hypothesis that the oxidative stress-induced release of TGF-␤1 and -␤2 into the medium is responsible for the increase of senescence biomarkers, RPE cells were simultaneously incubated with neutralizing antibodies against the TGF-␤1, -␤2, and -␤3 isoforms (mAb-240; R&D Systems), diluted in serum-free DMEM at 3 g/mL or with neutralizing antibodies against the TGF-␤II receptor (TGF-␤IIR; AF-241NA; R&D Systems) diluted in serum-free DMEM at 10 g/mL. For control experiments, cells were incubated with IgG at a concentration of 10 g/mL. The tetrazolium dye-reduction assay (MTT; 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; Sigma-Aldrich) was used to test cell viability before and at the end of the treatment. The results did not reveal any signs of increased cell death in oxidative stress or TGF-␤-treated cells (data not shown). All experiments were performed at least in triplicate in RPE cultures from three donors.
SA-␤-Gal Activity
The proportion of RPE cells positive for the SA-␤-Gal activity was determined as described by Dimri et al. 27 Briefly, treated RPE cells were washed twice with phosphate-buffered saline (PBS) and fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS at pH 6.0 at room temperature (RT) for 4 minutes. Cells were then washed twice with PBS and incubated under light protection for 8 hours at 37°C with fresh SA-␤-Gal staining solution (1 mg/mL 5-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside [X-gal], 40 mM citric acid/sodium phosphate [pH 6.0], 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl 2 diluted in PBS). The cells were then examined for the development of blue color and photographed at low magnification (200ϫ) using a light microscope. All experiments were performed at least in triplicate in RPE cultures from three donors.
RNA Isolation and Real-Time PCR
Total RNA was isolated from 10-cm Petri dishes by the guanidium thiocyanate-phenol-chloroform extraction method (Stratagene, Heidelberg, Germany). The structural integrity of the RNA samples was confirmed by electrophoresis in 1% Tris-acetate-EDTA (TAE)-agarose gels. Yield and purity were determined photometrically. After RNA isolation, mRNA was transcribed to cDNA via reverse transcription. This cDNA was then used for specific real-time PCR. Quantification of human Apo J, CTGF, fibronectin, SM22, and TGF-␤1, -␤2 and -␤3 mRNA was performed with specific primers (Table 1 ) during 40 cycles with a thermocycler (LightCycler System; Roche Diagnostics, Mannheim, Germany). Primers and probes were found with a computer program (ProbeFinder, ver. 2.04; Roche Diagnostics). The standard curve was obtained from probes of three different untreated human RPE cell cultures. To normalize differences of the amount of total RNA added to each reaction, 18S rRNA (Table 1 ) was simultaneously processed in the same sample as an internal control. The levels of Apo J, CTGF, fibronectin, SM22, and TGF-␤1, -␤2, and -␤3 mRNA were determined as the relative ratio (RR), which was calculated by dividing the level of mRNA by the level of the 18S rRNA housekeeping gene in the same samples. TGF-␤3 could not be amplified from cultured human RPE cells (data not shown). All experiments were performed at least in triplicate in RPE cultures from three donors.
Analysis of TGF-␤1 and -␤2 in Cell Supernatants
Levels of TGF-␤1 and -␤2 in cell supernatants were determined by using a TGF-␤1 and -␤2 specific sandwich enzyme-linked immunosorbent assay (ELISA; Quantikine; R&D System). As the ELISA only measured levels of the active protein, activation of the supernatants was undertaken to measure the total (latent ϩ active) levels of both proteins. Briefly, cell supernatants were activated with 1.0 N HCl and subsequently neutralized with 1.2 N NaOH/0.5 M HEPES and analyzed using ELISA. All experiments were performed at least in triplicate in RPE cultures from three donors. The intra-and interassay coefficients of variation determined in our laboratory were 9.8% and 16%, respectively.
Protein Extraction and Western Blot Analysis of p21, p16, and pRb
Cells grown on 35-mm tissue culture dishes were washed twice with ice-cold PBS, collected, and lysed in RIPA cell lysis buffer. After centrifugation (19,000g for 30 minutes at 4°C) in a microfuge, the supernatants were transferred to fresh tubes and stored at Ϫ70°C for future use. The protein content was measured by the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). Denatured proteins (2 g) were separated under reducing conditions for p21 and p16 by electrophoresis using 12% SDS-polyacrylamide gels and for pRb by electrophoresis with 7.5% SDS-polyacrylamide gels. 
Assessment of Intracellular Reactive Oxygen Species
Intracellular levels of reactive oxygen species (ROS) are an important biomarker for oxidative stress. Production of ROS was assessed with the fluorescent dye 2Ј7Ј-dichlorodihydrofluorescein diacetate (H 2 DCFDA; Invitrogen). 29 -31 Nonfluorescent H 2 DCF is oxidized to highly fluorescent 2Ј,7Ј-dichlorofluorescein (DCF) in the presence of intracellular ROS. Therefore, increased fluorescence indicates increased intracellular ROS levels. In our experiments, cells at selected time points after stimulation with H 2 O 2 and TGF-␤1 and -␤2 were washed with DMEM and incubated with 20 M H 2 DCFDA at 37°C for 30 minutes in the dark. The dye was then removed and the cells were washed three times with PBS. Afterward, the cells were scanned with a fluorescence reader (Tecan, Crailsheim, Germany) at 485-nm excitation and 535-nm emission. A blank (unlabeled cells) was measured and subtracted from all readings. 
Assessment of Lipid Peroxidation
Oxidative stress can be assessed by markers of lipid peroxidation. A sensitive and specific assay for lipid peroxidation is based on metabolic incorporation of the fluorescent oxidation-sensitive fatty acid, cis-parinaric acid (PNA), a natural 18-carbon fatty acid with four conjugated double bonds, into membrane phospholipids of cells). 29, 32 Oxidation of PNA results in disruption of the conjugated double-bond system that cannot be resynthesized in mammalian cells. Therefore, lipid peroxidation was estimated by measuring loss of cis-parinaric acid (PNA) fluorescence. Briefly, treated cells were incubated with 10 M PNA (Invitrogen-Molecular Probes, Eugene, OR) at 37°C for 30 minutes in the dark. The media was then removed and the cells washed three times with PBS. Afterward, the cells were scraped into 2 mL PBS with a rubber policeman. The suspension was then added to a fluorescence cuvette and measured at 312-nm excitation and 455-nm emission. A blank (unlabeled cells) was measured and subtracted from all readings. (Fig. 1) . The proportion of RPE cells positive for SA-␤-Gal activity was determined in three independent experiments 12, 24, and 48 hours after stress exposure (Fig. 1C) . Untreated control cells showed 3% to 6% of SA-␤-Gal-positive RPE cells (Figs. 1A, 1C ). Exposure to H 2 O 2 at all investigated concentrations and exposure and postincubation times markedly increased the number of SA-␤-Gal-positive RPE cells (Fig.  1C) . The most pronounced effect was observed when the cells were kept for 48 hours after treatment with 150 M H 2 O 2 for either 1 or 2 hours (Figs. 1B, 1C ). Under these conditions, the number of SA-␤-Gal-positive RPE cells ranged from 78% Ϯ 8% to 89% Ϯ 6% (Figs. 1B, 1C) . We have not observed any differences in SA-␤-Gal staining in RPE cell cultures from different donors (data not shown).
RESULTS
Hydrogen Peroxide-Induced SA-␤-Gal Activity
Human RPE cells were treated for 1 or 2 hours with 50, 100, or 150 M H 2 O 2
Hydrogen Peroxide-Induced mRNA Expression of Four Senescence-Associated Genes
Since H 2 O 2 exposure of the cells for 1 or 2 hours produced comparable results, we have depicted only the effects of H 2 O 2 treatment for 1 hour in our further experiments. As the most pronounced effect was observed after incubation of RPE cells with 150 M H 2 O 2 , real-time PCR analyses of the four senescence-associated genes were performed with this treatment strategy (Fig. 2) . The signals generated in untreated control cells after 12 hours were set to 100% (Fig. 2) . Untreated control cells kept in serum-free medium for 24 and 48 hours showed similar results (data not shown). The mRNA expression of Apo J ( Fig. 2A) , CTGF (Fig. 2B), fibronectin (Fig. 2C) , and SM22 (Fig.  2D) were investigated in three independent experiments 12, 24, and 48 hours after H 2 O 2 exposure. The most pronounced effects were seen in RPE cells 48 hours after 1 hours of incubation with 150 M H 2 O 2 (Fig. 2) . In these cells, the mRNA expression of Apo J increased by 3.2 Ϯ 0.5-fold ( Fig.  2A) , CTGF by 3.1 Ϯ 0.5-fold (Fig. 2B) , fibronectin by 3.7 Ϯ 0.4 fold (Fig. 2C) , and SM22 by 2.8 Ϯ 0.3 fold (Fig. 2D) .
Hydrogen Peroxide-Induced TGF-␤1 and -␤2 Expression
For determination of TGF-␤1 and -␤2 mRNA expression, realtime PCR analyses were conducted (Figs. 3A, 3B ). The signals generated in untreated control cells were set to 100% (Figs. 3A,  3B) . Twelve hours after a 1-hour exposure to 50, 100, or 150 M H 2 O 2 , there was a dose-dependent increase of TGF-␤1 mRNA expression to a maximum of 3.8 Ϯ 0.1-fold (Fig. 3A) . Accordingly, there was a dose-dependent increase of TGF-␤2 mRNA up to 5.6 Ϯ 0.9-fold under the same conditions (Fig.  3B) . Extension of postincubation times to 24 (Figs. 3A, 3B ) and 48 hours (data not shown) showed comparable results. TGF-␤3 could not be amplified from cultured human RPE cells (data not shown).
We used ELISA analyses to detect active (Figs. 3C, 3D ) and total (Figs. 3E, 3F ) TGF-␤1 and -␤2 protein release into culture medium after H 2 O 2 treatment. Levels of TGF-␤1 and -␤2 protein in untreated control cells showed a basal secretion of less 
IOVS,
Oxidative Stress-Induced Senescence in RPE via TGF-␤ 929 than 50 pg/mL of active TGF-␤1 (Fig. 3C ) or active TGF-␤2 (Fig.  3D ) and less than 100 pg/mL of total TGF-␤1 (Fig. 3E) or total TGF-␤2 (Fig. 3F) . Active TGF-␤1 (Fig. 3C ) and TGF-␤2 (Fig. 3D ) protein secretion increased to approximately two to threefold 24 hours and 48 hours (data not shown) after treatment with 150 M H 2 O 2 for 1 hour. Under the same conditions, total TGF-␤1 amount was even upregulated more than 10-fold (Fig.  3E) . Total TGF-␤2 was increased more than 20-fold as early as 12 hours after treatment with 150 M H 2 O 2 for 1 hour (Fig.  3F ).
TGF-␤1 and -␤2-Induced SA-␤-Gal Activity and Senescence-Associated Biomarkers
To investigate whether TGF-␤1 and -␤2 are capable of inducing cellular senescence, cultured human RPE cells were treated with 1.0 ng/mL TGF-␤1 and -␤2 for 12, 24, and 48 hours in three independent experiments (Figs. 4, 5) . In untreated control cells, the number of SA-␤-Gal-positive cells was approximately 5% (Figs. 4A, 4C ). The number of SA-␤-Gal-positive cells increased to 57% Ϯ 9% and 68% Ϯ 6% after treatment with TGF-␤1 for 24 and 48 hours (Fig. 4C ) and to 88% Ϯ 10% and 96% Ϯ 3% after treatment with TGF-␤2 for 24 and 48 hours (Figs. 4B, 4C ).
Real-time PCR was used to determine the mRNA levels of the four senescence-related genes Apo J, CTGF, fibronectin, and SM22 (Fig. 5) . The signals generated in untreated control cells after 12 hours were set to 100% (Fig. 5) . Untreated control cells kept in serum-free medium for 24 and 48 hours showed similar results (data not shown). Expression of all four senescence-associated genes was markedly upregulated after stimulation with 1.0 ng/mL TGF-␤1 or -␤2 for 12, 24, and 48 hours and reached its maximal level 24 hours after stress exposure (Fig. 5) . Apo J mRNA expression was maximally increased by 2.5 Ϯ 0.5-fold after TGF-␤1 and by 3.5 Ϯ 0.2-fold after TGF-␤2 treatment (Fig. 5A) . CTGF was maximally overexpressed by 3.6 Ϯ 0.5-fold after TGF-␤1 and by 4.8 Ϯ 0.8-fold after TGF-␤2 (Fig. 5B) , fibronectin was elevated by 2.7 Ϯ 0.5-fold after TGF-␤1 and by 4.7 Ϯ 0.8-fold after TGF-␤2 (Fig. 5C) , and SM22 was increased by 1.9 Ϯ 1.0-fold after TGF-␤1 and by 4.9 Ϯ 0.8-fold after TGF-␤2 treatment (Fig. 5D ).
TGF-␤1 and -␤2 and Stress-Induced Premature Senescence
Based on these results, we speculate that TGF-␤1 and -␤2 may be responsible for the stress-induced premature senescence. We neutralized TGF-␤1, -␤2, and -␤IIR and investigated the (Fig. 6) . Furthermore, we examined the role of TGF-␤1 and -␤2 for the stress-induced mRNA expression of Apo J (Fig. 7A) , CTGF (Fig. 7B), fibronectin (Fig. 7C) , and SM22 (Fig. 7D) by real-time PCR analyses. The signals generated in untreated control cells were set to 100% (Figs. 7) . Forty-eight hours after exposure of the cells to 150 M H 2 O 2 for 2 hours, the steady state levels of mRNA of the four genes were found to be significantly increased compared with that in untreated control cells (Figs. 7) . For all the genes tested, a much lower expression was observed when the H 2 O 2 -treated cells were simultaneously treated with neutralizing antibodies against the TGF -␤1, -␤2, and -␤3 isoforms or TGF-␤⌱⌱R (Figs. 7) .
Effect of Hydrogen Peroxide, TGF-␤1-and -␤2 on Cellular Senescence
In untreated control cells, the expression of p21, p16, and pRb protein was set to 100% (Figs. 8) . Western blot analysis revealed a marked increase of p21 expression by approximately fourfold 48 hours after exposure of the cells to 150 M H 2 O 2 for 2 hours (Fig. 8A) . A similar elevation of p21 expression was observed after treatment of the cells with 1.0 ng/mL TGF-␤1 or -␤2 for 24 hours (Fig. 8A) . In contrast, there was no effect on the expression of p16 after oxidative stress or TGF-␤1 or -␤2 treatment (Fig. 8B) . As both signal pathways, p21 and p16, are known to induce senescence by hypophosphorylation of pRb, we investigated whether changes in p21 expression are parallel with changes in the pRb protein. Forty-eight hours after exposure of RPE cells to 150 M H 2 O 2 for 2 hours, there was a marked decrease in pRb expression to 21% Ϯ 8% compared with that in untreated control cells (Fig. 8C) . Treatment with 1.0 ng/mL TGF-␤1 or -␤2 for 24 hours led to a 3-to 4-fold reduction of pRb compared with that in untreated control cells (Fig. 8C) .
Hydrogen Peroxide, TGF-␤1, and TGF-␤2 Effects on Intracellular ROS after 12, 24, or 48 Hours
In our experiments, the production of intracellular ROS was assessed with the fluorescent dye 2Ј7Ј-dichlorodihydrofluorescein diacetate. We could not observe any increase in the dye 12, 24 (data not shown), or 48 ( Fig. 9A) hours after exposure to 50, 100 (data not shown) or 150 M H 2 O 2 (Fig. 9A) or after TGF-␤1 and -␤2 treatment for 12, 24 (data not shown), or 48 ( Fig. 9A) hours.
Hydrogen Peroxide, TGF-␤1, and TGF-␤2 Effects on Lipid Peroxidation after 12, 24, or 48 hours
In our experiments, lipid peroxidation of the cytoplasm membrane of cultured RPE cells was assessed by increased loss of cis-parinaric acid (PNA) fluorescence. We observes a decrease of PNA fluorescence 12, 24 (data not shown), and 48 ( Fig. 9B) hours after exposure to 50, 100 (data not shown) or 150 M H 2 O 2 (Fig. 9B) or after TGF-␤1 and -␤2 treatment for 12, 24 (data not shown), and 48 (Fig. 9B) hours. 
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DISCUSSION
Distinctive features including a significant increase in SA-␤-Gal activity and elevated expression of senescence-related genes (such as apolipoprotein J [Apo J], connective tissue growth factor [CTGF], fibronectin, and SM22) characterize SIPS. In the present study, we showed for the first time that acute sublethal treatment with hydrogen peroxide (H 2 O 2 ) induced these senescence-associated changes and the release of TGF-␤1 and -␤2 in cultured human RPE cells. Treatment with TGF-␤1 and -␤2 alone showed similar changes compared with subtoxic levels of hydrogen peroxide. Using neutralizing antibodies against the TGF -␤1, -␤2, -␤3 isoforms and TGF-␤II receptor (TGF-␤IIR) minimized these age-related changes. In various cellular systems, it has been shown that oxidative stress leads to an increase in SA-␤-Gal staining.
11, 33 Frippiat et al. 14 have demonstrated an elevation of SA-␤-Gal expression in human fibroblasts triggered by H 2 O 2 -induced release of TGF-␤1. Cellular senescence identified by positive staining of SA-␤-Gal was also detected in vitro in late-passage RPE cultures 34, 35 and in vivo in the RPE cells of old primate eyes. 22 In our experiments, treatment of human RPE cultures with H 2 O 2 , TGF-␤1, and TGF-␤2 led to a significant increase of the proportion of SA-␤-Gal-positive cells. An increased expression of SA-␤-Gal staining in cultured RPE cells was previously described after hyperoxia. 23 These observations are in line with our results, since it is believed that hyperoxia mediates its effects via production of reactive oxygen intermediates and thus oxidative stress. 36 Besides positive SA-␤-Gal staining, we detected an overexpression of senescence-related genes such as Apo J, CTGF, fibronectin and SM22 after H 2 O 2 , TGF-␤1, and TGF-␤2 treatment of cultured human RPE cells. Apo J belongs to the group of cellular chaperones. [37] [38] [39] This protein has been found in increased amounts in the RPE and drusen of patients with age-related macular degeneration (AMD). 40, 41 The reason for this increased expression of Apo J in the RPE is still a matter of debate. We observed a marked upregulation of Apo J mRNA after treatment of cultured human RPE cells with H 2 O 2 and TGF-␤. Consistent with our results, a similar increase in Apo J expression after exposure to these stimuli has been reported in human fibroblasts. 15, 20 Previously, an increased expression of the profibrogenic CTGF in the RPE of donor eyes with the wet form of AMD has been demonstrated. 42 It has been put forward that CTGF may act as downstream effector for TGF-␤ promoting fibrosis of the macula. 43 The molecular basis is attributed largely to a unique TGF-␤ response element in the CTGF promoter. 44 Our results showed an induction of CTGF by H 2 O 2 and TGF-␤ in cultured human RPE cells. Both stress stimuli are also able to trigger increased CTGF expression in senescent human fibroblasts. 16 Therefore, increased amounts of CTGF in human RPE cells may function as a profibrotic mediator and as a biomarker of SIPS. One of the major extracellular matrix (ECM) components in drusen of AMD patients is fibronectin. 41, 45 In RPE cells of human AMD donor eyes, fibronectin is elevated by two to threefold compared with RPE cells of age-matched healthy donor eyes. 46 In our experiments, H 2 O 2 and TGF-␤1 and -␤2 increased the expression of fibronectin by approximately three to fivefold. We were able to show in earlier work that TGF-␤1 and -␤2 are strong inducers of fibronectin in other ocular cell types. 47, 48 Similarly, oxidative stress is capable of increasing the expression of fibronectin in senescent human fibroblasts. 47, 49 Based on these results, increased fibronectin amounts in senescent RPE may contribute to the pathologic accumulation of ECM in the RPE and drusen of patients with AMD.
Another protein involved in ECM turnover and senescenceassociated changes is SM22. 15, 50 Various studies showed an induction of SM22 by oxidative stress and TGF-␤. 15, 51 Until now, SM22 has not yet been detected in ocular tissues. We could show for the first time that SM22 is expressed and inducible by H 2 O 2 and TGF-␤1 and -␤2 in human RPE cells.
Frippiat et al. 14, 18 demonstrated that oxidative stress-induced cellular senescence markers are detected up to 72 hours after H 2 O 2 exposure. Our experiments with fluorescent 2Ј,7Ј- 32 These results suggest that senescent cellular changes after prolonged periods of treatment may be attributable to the effects of ROS.
Besides the paralleled senescence-associated changes induced by H 2 O 2 and TGF-␤1 and -␤2, we demonstrated that H 2 O 2 was also capable of increasing the TGF-␤1 and -␤2 mRNA and protein expression. Although TGF-␤1 and -␤2 mRNA levels were upregulated 12 hours after 50 M H 2 O 2 exposure, active TGF-␤1 and -␤2 protein secretion was only increased 24 hours after 100 and 150 M H 2 O 2 exposure. These observations suggest that a complex regulation may occur at prolonged treatment times, either at the level of RNA stability or posttranscriptionally. Furthermore, it is tempting to assume that oxidative stress-induced senescence in human RPE cells is triggered by release of TGF-␤. In fact, we showed that oxidative stressmediated elevation of senescence biomarkers could be blocked by simultaneous incubation with anti-TGF-␤1, -␤2, and -␤3 or anti-TGF-␤⌱⌱R antibodies. In previous studies, a similar mechanism has been observed with human fibroblasts 14, 18 and in cultured human mesangial cells. 19 Based on our results, we assume that senescent cellular changes in cultured human RPE cells are induced by biological cascades attributable to both the effects of ROS and to subsequent pathophysiological changes in the cell.
In our experiments, oxidative stress and TGF-␤ increased the expression of p21 but had no effect on p16. Parallel to the upregulation of p21, we showed a downregulation of the pRb protein. This finding suggests the involvement of the p21-pRb senescence-related pathway in the aging process of human RPE cells. In human fibroblasts, both p16 and p21 are upregulated after exposure to oxidative stress. 13, 15, 52 Both signaling pathways lead to a hypophosphorylation of pRb and thus induction of senescence. 53, 54 Studies with various cellular systems have shown that the activation of the p21-pRb or p16-pRb or both pathways may be dependent on the specific combination of stresses and their severity in the various kinds of cell type. 12, 17 Low doses of oxidative stress as well as TGF-␤ can induce senescence-associated biomarkers in cultured human RPE cells. Oxidative stress-induced senescence may act via TGF-␤ upregulation, mediated via p21 and pRb as downstream regulators of the senescence-signaling pathway. Hence, it is tempting to speculate that reduction of oxidative stress exposure may help to block the senescent changes in the RPE as seen in AMD. 
